Pasteurella multocida toxin induces localized osteolysis in the turbinate bones of swine. Osteolysis appears to be due to an increased level of osteoclastic bone resorption, although osteoblast activity may also be impaired. We studied the effects of purified toxin on the osteoblastic phenotype of the ROS 17/2.8 rat osteoblastic osteosarcoma cell line. Treatment of both embryonic bovine lung cells and a nonosteoblastic rat osteosarcoma cell line (ROS 25/1) with nanomolar doses of toxin produced marked cytotoxic actions. In the osteoblastic ROS 17\23 cells, this level of toxin reduced expression of an osteoblastic marker (alkaline phosphatase), was associated with matrix mineralization, but had no cytopathologic action. The osteoblastic cell population may be resistant to a direct cytotoxic effect but is nevertheless a target for toxin action.
ment of osteoclastic precursor cells from neighboring marrow. I I Bacterial toxins also contribute to the pathologic processes of infection-induced bone 10ss. 24, 29 In pigs, colonization of the upper respiratory tract by Bordetella bronchiseptica and toxigenic strains of Pasteurella multocida leads to progressive osteolysis of the nasal turbinate bones (infectious atrophic rhinitis).** A dermonecrotic toxin (PMT) isolated from P. multocida reproduces the full spectrum of pathologic changes seen in infected a n i r n a l~.~ Morphologic examination of the nasal bones of PMT-treated animals revealed a dramatic increase in multinucleate osteoclastic cells and local inactivation and reduction of the osteoblast p~p u l a t i o n .~ These divergent actions of the toxin lead to a net reduction in bone formation and increased bone resorption in the infected t i s~u e .~,~~ Recent evidence has suggested that there may be a direct action of PMT upon the osteoclast cell system.6 Our goal was to determine if there is also a similar direct action of PMT on the osteoblast population. To determine this, we used the rat osteosarcoma cell line ROS 17/2.8 as an in vitro model of the osteoblast. This clonally derived cell line retains a full osteoblastic phe-'Present address: Department of Veterinary Pathology, School of Veterinary Medicine, University of California, Davis, CA. notype and is able to produce mineralized matrix both in vitro and in v~v o .~* , *~
Materials and Methods

Isolation and purification of PMT
PMT was isolated and purified from a toxigenic type D P. muirocida strain (A 1 1 -2A) according to established p r o t o c~l s~~~~~ with some minor modifications. Bacteria were grown for 18 hours at 37 C in brain-heart infusion broth. Bacteria were harvested in chilled phosphate-buffered saline, centrifuged (30 minutes at 9,000 x g, 4 C), resuspended in distilled water (pH 8.0), and disrupted by sonication (4 minutes at 150 W). Sterile filtered (0.22-wm filter) extract was concentrated by ultrafiltration (Amicon Witten D membrane PM lo), dialyzed against 20 mM Tris/HCl (pH 7.5), and fractionated by DEAE-Sephacel C26-40 anion-exchange chromatography using a linear salt gradient from 0.25 to 0.48 M. Fractions containing cytotoxic activity in the embryonic bovine lung cell bioassay2' were pooled and applied to a Sephadex G 200 column and eluted using 10 mM Tris/HCl (pH 7.2), 0.1 M NaCI. Individual fractions exhibiting peak levels of biologic activity were pooled and concentrated by ultrafiltration. Silver staining after separation of the purified material by denaturing polyacrylamide gel electrophoresis revealed a single band with an approximate molecular mass of 150 kd. The preparation was essentially free of lipopolysaccharide endotoxin determined by the Limulus amoebocyte lysate assay (Biomerieux, Nuernberg, Germany) (limit of detection = 10 ng/ml).
Cell lines and culture
The rat osteosarcoma cell lines ROS 17/2.8 (osteoblastic phenotype) and ROS 2511 (fibroblastic phenotype) were obtained from Dr. G. Rodan.'* Cells were cultured in a 5% CO, atmosphere using Dulbecco's minimal essential medium containing 5% newborn calf serum, penicillin (50 U/ml), and streptomycin (50 pg'ml). Cells were grown from frozen stocks for 10 passages and were tested for mycoplasma contamination by bis-benzimide staining (Hoechst 33258). Embryonic bovine lung cells were cultured as previously de-For experiments, cells were plated at a density of 20,000 cells/sq. cm. Where appropriate, PMT (diluted in 10 mM Tris/HCl, pH 8.0) was added to cell cultures in a total volume not exceeding 10 pl/ 1 0-ml dish. Control cultures were treated with an equal volume of Tris diluent alone. The added amount of PMT was calculated on a molar basis, assuming 100% purity and a molecular mass of 146 kd derived from the sequence of the cloned molecule.
Morphology
Monolayer cultures were fixed in 96% methanol and stained with hematoxylin and eosin after a 48-hour exposure to toxin or vehicle and examined by two experimenters. A total of 10 plates were scored for each treatment (Table 1) . For ultrastructural investigations, the cells were trypsinized, pelleted by centrifugation, and fixed using 5% glutaraldehyde in cacodylate buffer. Samples were postfixed in 1% osmium tetroxide, dehydrated in alcohol, and embedded in Epon. Ultrathin sections were viewed at 60 kV in a Zeiss 1OC transmission electron microscope. Ultrastructural morphology was examined in representative areas of each of 10 cultures.
Alkaline phosphatase activity
Alkaline phosphatase activity was determined in fivefold replicate cultures using a chromogenic assay with phenylphosphate as substrate (Boehringer Mannheim, Mannheim, Germany). Monolayers were extracted in 0.15 M KCl (pH 7.4), 2.25 M ethylenediaminetetraacetic acid EDTA, 0.01% Triton X-100, and 10 mM phenyl phosphate was added to the reaction buffer containing 1 mM diethanolamine (pH 9.8) and 0.5 mM MgCl,. The reaction rate at 25 C was determined from the rate of change of absorbance at 405 nm and was expressed as mean units per microgram of total cell protein f SD from three independent experiments. Protein synthesis was measured by 14C-leucine incorporation in a single experiment. Radioleucine (0.25 pCi/ml) was added to culture medium for 4 hours after 48 hours of treatment. Leucine incorporation into trichoracid (TCA)-precipitable material was quantified by liquid scintillation counting and expressed as disintegrations per minute (dpm) per microgram of protein. There was no detectable decline in leucine incorporation into toxin-treated ROS 17/2.8 cells (1 22 dpm/pg in control cultures vs. 118 dpm/bg in cultures treated for 48 hours with 25 nmoVliter of toxin). In ROS 25/1 cells, the leucine incorporation values were 2,800 dpmlpg in the control culture and 1,950 dpm/wg in cultures receiving 25 nmol/ liter PMT.
Proliferation assay
To asses the action of PMT upon cell proliferation, ROS 1712.8 and ROS 25/ 1 cells were plated at the standard density t Fibroblastic-like rat osteosarcoma cell line.
$ Osteoblastic-like rat osteosarcoma cell line. of 20,000 cells/sq. cm. After 3 days of incubation in the presence of PMT or vehicle, cell numbers were assayed by trypsinization of the monolayer and counting diluted aliquots of the cell suspension using an automated cell counter (CC107 TOA, Medical Electronics, Japan) operating at maximal threshold settings to ensure that changes in cell volume did not influence counting. Cell numbers were corrected for background counts observed using diluent alone.
Statistical analysis
bilities.
Student's t-test was used to determine statistical proba-
Results
Morphologic effects of PMT
In the standardized embryonic bovine lung (EBL) cell model morphologic changes at the light microscopy level were seen at PMT levels above 2 pmol/liter. At a toxin concentration of 5 nmol/liter, the majority of EBL cells had undergone a coagulative necrosis. The dose response of the purified toxin is comparable to that published for the sensitivity of the EBL assay system to other PMT preparation^.^,^' The fibroblast-like ROS 25/1 rat osteosarcoma cells were slightly less sensitive to the toxic actions of PMT. A PMT level of 5 5 pmol/liter was required before morphologic changes became visible by light microscopy. These changes were characterized by a retraction of cystoplasmic processes and nuclear pyknosis. Higher PMT levels produced degenerative changes and necrosis of the ROS 25/1 cells that were indistinguishable from those observed in the EBL cells. No morphologic alterations of the osteoblastic ROS 17/23 osteosarcoma cell line were evident at the light microscopic level, even after elevation of the PMT concentration to 25 nmol/liter, five times the dose required to kill EBL cells.
Cytotoxicity in the EBL and ROS 25/1 cells was manifest at higher toxin levels by a broad range of light Electronmicrograph. ROS 17/2.8 cells treated with PMT. Cultured ROS 17/2.8 cells were exposed to 25 nmoV liter PMT for 48 hours prior to fixation. Note the almost complete loss of rough endoplasmic reticulum and the formation of numerous secondary lysosomes containing delicate, well-defined, osmiophilic material (arrows) located within lysosomes, which was not evident in the diluent-treated control. Lysosomal structures are numerous and dramatically increased as compared with the diluent-treated control. M = mitochondrion; N = nucleus; Mv = microvillus; rER = rough endoplasmic reticulum; Ly = lysosome. Top: bar = 0.5 gm. Bottom: bar = 1 gm. microscopic changes, including coagulative necrosis and condensation of the entire cell body, karyopyknosis, and chromatin clumping. At lower PMT concentrations, degenerative changes seen were typified by marked shrinking and rounding up of individual cells and the formation of plaquelike condensations, resulting in loss of cohesiveness of the monolayer, detachment of individual cells, retraction of cytoplasmic processes, and loss of cytologic detail. None of these features were observed when nanomolar toxin concentrations were applied to the osteoblastic ROS 17/ 2.8 cells (Table 1) .
Transmission electron microscopy revealed that structural alterations in ROS 17/2.8 cells were induced after 48 hours of exposure to 25 nmol/liter PMT (Fig.  1) . These alterations were characterized by the formation of vesicular structures of various sizes in the cytoplasm, representing secondary lysosomes. Welldefined, delicate, osmiophilic, membranous material was frequently observed within these secondary lysosomes. Similar structures have frequently been associated with cell injury.3 In addition, there was an almost complete loss of rough endoplasmic reticulum as compared with diluent-treated cells (Fig. 2) . 
Inhibition of proliferation by PMT
There was a dose-dependent decrease in the proliferative activity of ROS 25/1 cells 72 hours after the addition of PMT. In toxin-treated cultures (25 nmol/ liter), cell numbers were reduced nearly threefold as compared with vehicle-treated cultures. This reduction is consistent with the observed morphologic alterations (Table 2 ). In contrast, toxin-treated ROS 17/2.8 cells showed no decrease in cell numbers, indicating that proliferation was unaffected, even at toxin concentrations of 25 nmol/liter (Table 2) .
Alkaline phosphatase activity
The osteoblast-specific marker alkaline phosphatase is expressed by the highly differentiated osteoblast-like ROS 1712.8 cells but is absent from the fibroblast-like ROS 251 1 cells. Basal alkaline phosphatase activity was established as 133 f 3 1 unitd1.g protein after 48 hours of incubation with vehicle. Incubation for 48 hours with toxin at 25 nmol/liter reduced alkaline phosphatase activity to 11 * 2 units/pg protein (P < 0.001).
Discussion
The dermonecrotic toxin released by Pasteurella multocida induces morphologic changes in the nasal turbinate bones, leading to progressive osteolysis (infectious rhinitis atrophican~).~.~.** Histologic examination of the affected bones shows features reminiscent of high-turnover osteoporosis, i.e., reduced osteoid and increased osteoclastic r e~o r p t i o n .~~~.~~,~~ In other studies however, no alteration in osteoblast activity could be d e t e~-m i n e d .~~%~~ This discrepancy may be due to differences in the specific activity of toxin preparations or the kinetics of toxin action in different models. By using the ROS 17/2.8 cell line as a test system, the interaction of PMT and osteoblast cells may be studied in isolation. 3.9 f 0.1 * Significantly different from control culture, P < 0.005.
inherently lower than that of the ROS 25/1 cells. The initial cell numbers were 100,000 cells/dish.
In vitro nanomolar concentrations of PMT are highly cytotoxic for both bovine embryo lungz7 and Vero monkey kidney fibroblast lines. 23 However, toxicity appears to be cell specific; comparable concentrations of PMT act as a mitogen for the murine 3T3 fibroblast line. 13.26 In vitro observations revealed that nanomolar PMT levels were toxic for both embryonic bovine lung and fibroblastic rat osteosarcoma cells. Neither cytotoxic effects nor inhibition of proliferation were observed after treatment of the osteoblastic rat ROS 17/ 2.8 osteosarcoma cell line with similar PMT doses. Higher toxin levels did produce some moderate ultrastructural changes in the ROS 17/2.8 cell, compatible with the acute in vivo osteoblast cytotoxicity reported with high doses of toxin.1°
At the nontoxic nanomolar dose range, PMT induced a dose-dependent decline in the activity of the osteoblast marker enzyme alkaline phosphatase. This action appears to be highly selective because proliferation was not affected by this dose. The level of toxininhibiting alkaline phosphatase activity in the ROS 17/ 2.8 cells was comparable to that stimulating bone resorption in vitro.'j Loss of alkaline phosphatase may indicate a general repression of the osteoblastic phenotype by PMT or may be a specific isolated phenotypic response. In either case, the reduction of alkaline phosphatase activity would severely impair osteoblast production of mineralized bone matrix and is consistent with the osteopenia observed in vivo after PMT administration. The different sensitivities of the ROS cell lines, and those already reported for the 3T3 fibroblast and the EBL cells, indicate that toxin action is both concentration dependent and cell specific. Our observations in ROS 17/2.8 cells show that physiological effects of the toxin occur at toxin concentrations below the toxicity threshold.
A number of bacterial toxins are able to enter mammalian cells and subvert cellular activity by interacting with cellular regulatory processes. 12.16.20 Activation of the phospholipase C second messenger system after internalization of toxin has been observed in PMTtreated 3T3 fibroblast cell^.^'^^^ In this cell model, constitutional activation of phospholipase C by PMT re-sulted in the generation of diacylglycerol and phosp h o i n o~i t o l , '~ which are implicated as second messengers in several key regulatory systems.2 In the 3T3 cell, concentrations of PMT comparable to those used in the present study did not induce cytotoxicity. Clearly, the actions of PMT are not restricted to cytopathologic changes and may involve discrete alterations in cell function in both the 3T3 and ROS 17/ 2.8 cells. The phospholipase C signal system has also been implicated in signal transduction in the osteoblast, and subversion of this system by PMT could mediate the PMT-induced phenotypic changes seen in the ROS 17/2.8 cell and in bone t i s s~e s .~.~J '
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